Displacement thresholds with incremental chromatic and luminance edges were measured on different backgrounds. Above 3% luminance contrast, thresholds were always similar. At luminance contrasts below 3%, luminance edges could not be detected, but chromatic edges were still visible. At these low contrasts displacement thresholds for chromatic edges increased to a high level. We interpret these data in terms of multiple mechanisms; above 3% contrast a luminance mechanism determines thresholds, but when, at lower contrasts, chromatic mechanisms support detection, they also support the spatial task. Physiological data were consistent with the different mechanisms originating at the retinal ganglion cell level.
Introduction
Both luminance and chromatic mechanisms contribute to various aspects of spatial vision, e.g. grating resolution (Mullen, 1985) , texture segmentation (Luschow & Nothdurft, 1993) or motion perception (Dobkins & Albright, 1993) , but contributions of these mechanisms to hyperacuities have been less frequently studied (Morgan & Aiba, 1985a,b) . When stimulated with achromatic flashed or displaced luminance edges, the magnocellular (MC) pathway in primates provides signals precise enough to account for human hyperacuity (Lee, Wehrhahn, Westheimer & Kremers, 1993b . The parvocellular (PC) pathway responds poorly to such patterns, and its signals lack the precision to support the psychophysical performance on the localisation of a flashed edge (Lee et al., 1995) or on the detection of displacement of an edge (Lee et al., 1993b) . Also, indirect evidence supports a role for the MCpathway in hyperacuity: there is, for example, some deterioration of performance at isoluminance (Morgan & Aiba, 1985a,b) , suggesting that the spectral sensitivity in hyperacuity follows that of the MC-pathway, the V l function. On the other hand, based on experiments with luminance or isoluminant, chromatic patterns, Krauskopf and Farell (1991) suggested that chromatic contrast can provide a spatial visual signal as good as that provided by luminance contrast when contrast is normalized to detection threshold. The authors concluded that the amplitude of cone signals per se is a primary determinant of Vernier acuity.
With isoluminant borders, the isolation of chromatic, cone-opponent mechanisms cannot be guaranteed (e.g. Dobkins & Albright, 1995) . With sharp borders, apart from the luminance artifacts which arise from chromatic aberration in the eye, a non-linearity of middle (M) and long-wavelength (L) cone summation (Lee, Martin & Valberg, 1989a ) provides a residual signal in the MC-pathway at isoluminance (Schiller & Colby, 1983) . This residual response closely matches the psychophysical distinctness of isoluminant contours (Kaiser, Lee, Martin & Valberg, 1990; Valberg, Lee, Kaiser & Kremers, 1992) and can be equivalent to the response to a luminance contrast as high as 10-20%. We therefore adopted an alternative stimulus: the displacement of an incremental edge presented upon a stationary, adapting background. Adapting backgrounds were first used in an attempt to isolate the individual cone, or p, mechanisms contributing to the detection of incremental stimuli (Stiles, 1949) , but it soon become apparent that also post-receptoral mechanisms, luminance or chromatic, were involved, depending on the chromatic and spatial stimulus configuration (e.g. Sperling & Harwerth, 1971; King-Smith & Carden, 1976; Stromeyer, Cole & Kronauer, 1985) . These postreceptoral psychophysical mechanisms appear to map directly onto detection through the MC and PC pathways (Crook, Lee, Tigwell & Valberg, 1987; Lee, Martin, Valberg & Kremers, 1993a) : the spectral peaks at ca. 460, 530 and 610 nm for detection of incremental chromatic stimuli on an achromatic background represent detection through +S(ML), +M − L and + L − M color opponent cells, respectively (Crook et al., 1987) . The advantage of incremental stimuli is that the M-and L-cone inputs to MC-cells add in phase and the effect of any non-linearity is minimized. Fig. 1A sketches a three-peaked spectral sensitivity curve, together with the V l curve so positioned that Sloan's notch at 570 nm is filled through the V l mechanism (King-Smith & Carden, 1976; Kurtenbach, Rüt-tiger, Kaiser & Zrenner, 1997) . In the hatched areas, detection is mediated by chromatic mechanisms. With stimuli of higher intensity, below the V l curve, both luminance and chromatic mechanisms would be activated. This sketch is replotted in terms of luminance in Fig. 1B , with the templates of different chromatic and achromatic mechanisms as derived from retinal ganglion cell physiological measurements (Crook et al., 1987) . The luminance axis has the advantage of permitting comparison of chromatic to achromatic stimuli.
We measured performance on a hyperacuity task, detection of the displacement of a sharp edge, as a function of luminance contrast for chromatic and achromatic stimuli, presented upon achromatic and chromatic backgrounds. If hyperacuity thresholds were directly related to absolute detection threshold (Krauskopf & Farell, 1991) , then threshold curves as a function of luminance contrast for, say, blue, red and The three peaks can be modeled by chromatic, cone-opponent processes. This produces a notch in sensitivity near 570 nm, which is thought to be filled by a luminance mechanism with V l sensitivity. (B) If the sketch is rescaled in terms of luminance, the sensitivity of the V l mechanism falls on a straight horizontal line illustrating that chromatic mechanisms have greater contrast sensitivity at certain wavelengths. The templates for the opponent mechanisms are derived from a physiological model (Crook et al., 1987; Valberg, Lee & Tryti, 1987 . Using luminance on the ordinate allows non-monochromatic stimuli (e.g. achromatic) to be included. (C) If hyperacuity thresholds were similar after normalization to detection threshold, then curves for achromatic, 648 and 456 nm edges should just be shifted laterally on the luminance contrast axis. (D) If multiple mechanisms can become involved, then a more complex pattern of results is to be expected. achromatic incremental stimuli should be laterally displaced, reflecting their differing detectability (Fig. 1C) . Alternatively, if chromatic or luminance mechanisms of differing spatial precision can become involved, a more complex pattern of thresholds as a function of contrast and stimulus wavelength might be expected, such as that shown in Fig. 1D . When a chromatic increment contains enough luminance contrast to activate a luminance mechanism of high spatial precision, thresholds for achromatic and chromatic stimuli may become similar, reflected in the superimposed threshold functions. At luminance contrasts below threshold for a luminance mechanism, additional curve branches may be revealed when detection becomes mediated by the chromatic mechanisms which are still responsive at lower contrasts.
The hyperacuity task chosen was displacement of an edge, a stimulus which makes the analysis of neural data relatively straightforward (Lee et al., 1993b) . Achromatic or 456 nm (blue), 544 nm (green) or 648 nm (red) edges on an achromatic white background were used, and also chromatic backgrounds were introduced to better isolate chromatic mechanisms. To validate the identification of a short-wavelength (S) cone mechanism, we also tested dichromats. Most psychophysical measurements were done in the fovea with central fixation. Because the parallel physiological measurements on macaque retinal ganglion cells had to be performed in parafoveal retina, some psychophysical measurements were also made in the parafovea. The results suggest the involvement of both luminance and chromatic mechanisms with differing spatial resolution, as proposed in Fig. 1D .
Methods

Visual stimulation
The same visual stimulus generation setup was used for both psychophysical and physiological experiments.
Stimuli and backgrounds were derived from halogen lamps and back-projected on a translucent screen. Achromatic, 456, 544 or 648 nm (dominant wavelengths; bandwidth at halfheight 52, 32 and 46 nm, respectively) vertical stimulus edges were superimposed on achromatic (white) or chromatic (green, red) backgrounds (achromatic: CIE x,y = 0.3128, 0.3820 110 cd/m 2 ; chromatic: 552 and 621 nm dominant wavelengths, bandwidths at half-height 10 and 12 nm, respectively). Luminance (Michelson) contrast of the edge was controlled by neutral density filters. For isoluminant stimuli, a 552/621 nm edge was presented. To find each observers isoluminance point, the 621 nm component was kept constant while the 552 nm component was adjusted in luminance until the edge appeared minimally distinct (minimally distinct border, MDB, (Boynton & Kaiser, 1968) . The MDB settings were performed with a stationary edge, instead of a moving stimulus as in the displacement task. To ensure the isoluminant point was the same independent of stimulus movement, we measured displacement thresholds at and around the MDB points; threshold elevation was maximal exactly at the MDB setting. Also, physiological data suggest that edge movement velocity should not affect MDB settings (Kaiser et al., 1990) . Chromatic contrast of isoluminant stimuli was adjusted by adding achromatic backgrounds.
Shutters (Compur) and galvanometer-driven rotation of a surface-silvered mirror controlled edge presentation. Spectral distributions and luminances of stimuli were measured with a SpectraSpot photoradiometer (Photo Research). Cone contrasts were calculated on the basis of the Smith and Pokorny (1975) fundamentals.
Psychophysical experiments
Observers viewed a 2°circular field (30 cd/m 2 ) with diffuse surround illumination (10 cd/m 2 ) through a 4 mm artificial pupil. Stimulus size and timing are illustrated in Fig. 2 . The stimulus edge was presented for 2.4 s; 1.2 s after onset the edge jumped to left or right. This stimulus timing allowed time for observers to fixate and accommodate on the edge, but was not so long that fading of low-contrast edges became apparent. To prevent the subject from using positional cues within the 2°field, the initial position of the edge was varied at random by small amounts. The small change in the mean luminance and chromaticity over the 2°s timulus field accompanying the edge displacement was not detectable at threshold. Observers indicated the direction of edge displacement by button press, without feedback. Displacement thresholds were measured using a two-alternative forced-choice, double-staircase procedure. For each condition, a single staircase with coarse steps starting at a clearly suprathreshold level (250 -1000 arc sec) was first run to get an approximate threshold. Displacement amplitude was then increased to 1.5 times this approximate threshold value and the double-staircase initiated. Amplitude was reduced by steps proportional (0.25) to the start amplitude until the observer made an incorrect response. This caused a reversal and step amplitude was halved. When the observer identified jump direction correctly twice in succession, a further reversal occurred and step amplitude was halved, and so on. Displacement amplitude approached the 75% correct level. Each staircase was terminated after 35 presentations or eight reversals. The first reversal was discarded and the average displacement for the other reversals calculated. In addition, thresholds (75% correct) were determined from psychometric functions fitted to observers' responses (Finney, 1971 ). These two methods yielded similar values.
Obser6ers
Five observers participated, all with normal visual acuity after correction. Three subjects were color normal, two were deutan. One of the deutans (BBL, one of the authors) is a single gene dichromat. Genetic analysis was not available for the second observer (EA), but his Nagel-anomaloscope settings revealed extreme deuteranomaly and his performance on the Farnsworth-Munsell 100-Hue Test and the Ishihara pseudoisochromatic plates was consistent with this. His flicker photometric spectral sensitivity conformed to that of the L-cone and could not be modified by chromatic adaptation.
Threshold measurements were run in a semi-random order of contrast and chromatic conditions. Contrast was decreased in each condition until observers no longer reliably reported the presence of the edge; this was taken as the absolute sensitivity. For parafoveal measurements, the field was enlarged in width to 4°to accommodate larger displacements; edge length was kept at 2°, since this is above the summation length for the parafovea for comparable hyperacuity tasks (Lee et al., 1995) . Observers fixated on a cross in the lower visual field, 5°from the stimulus midpoint.
Physiology
Recordings were made from retinal ganglion cells of four macaques. Animal preparation, cell recording techniques and the protocol used for recording data are described in detail elsewhere (Lee, Martin & Valberg, 1989b; Lee et al., 1993b) . Briefly, after an initial injection of ketamine, anesthesia was maintained with isofluorane in 70%:30% N 2 O:O 2 mixture (1-2% during surgery and 0.5-1.0% during recording). Local anesthesia was applied at the points of surgical intervention. The EEG and EKG were continuously monitored as a control for anesthetic depth. Muscular relaxation was maintained by intravenous infusion of gallamine triethiodide (5 mg/kg per h) with 3 ml/h of dextrose Ringer. The end-tidal P CO 2 was kept near 4% by adjusting the rate and depth of ventilation. Body temperature was maintained near 37.5°. Recordings were made from parafoveal retina (mean field eccentricity 6.9, S.D. 3.89°). Cell types were identified using standard tests.
Stimulus conditions were similar to the psychophysical experiments, except that the stimulus edge was presented continuously. The edge was first centered over the receptive field. Since centering was not always precise, five locations scanning across the center were sampled, in steps of 2.6 or 3.5 min arc depending on the size of the field center. Within a stimulus cycle of 512 ms, the edge jumped forth after a delay of 50 ms, and jumped back after a further 200 ms. Dependent on cell type (on-or off-center, type of cone opponency) the response to the first displacement of the edge within a stimulus cycle could be excitatory or inhibitory. For each chromaticity and contrast, three to four jump sizes were tested (58 arc sec only for MC-cells; 116, 232, 464 arc sec for MC-and PC-cells). As contrast was decreased, recordings were terminated when the cell no longer responded to the displacement. For each condition 20 response trials were recorded. Response histograms (binwidth 4 ms) and individual spike trains (resolution 100 ms) were stored.
Analysis of responses
Response amplitudes and neurometric thresholds were calculated for each condition. Analyses were similar to those in Lee et al. (1993b) . However, PC-cell responses to chromatic stimuli are more sustained than to achromatic stimuli and we therefore investigated different time windows to accommodate both transient and sustained response components. For each sweep, spikes within three response windows were considered: (a) a 50 ms excitatory response window beginning 20 ms after the displacement; (b) a 50 ms off-response window at 20 ms latency after the reverse displacement; (c) a 100 ms sustained response window finishing with the reverse displacement. To obtain a value for main-tained activity, the firing rate within the first 50 ms and the last 50 ms of each sweep was averaged. Response amplitudes were calculated by subtracting the maintained activity from the response.
Neurometric thresholds were calculated by building the distributions of numbers of spikes for each of the 20 sweeps, within the different time windows described above. From these impulse distributions, the receiver operator characteristics (ROCs) were constructed, giving a probit value ranging from 0 to 1 with a value of 0.5 indicating no response, a value of 0 indicating a maximal inhibitory response (fewer spikes) and a value of 1 a maximal excitatory response (more spikes). The probit values for the five scanned positions then gave a sketch of the receptive field structure and a compressed Gaussian function was fitted. The width of these Gaussian function matched the expected center size of the cell. The compressive component was required due to response saturation and the compressive nature of the probit analysis due to the 0 -1 limitation of the probit values. The value of the fitted Gaussian function most different from 0.5 (the peak probit value) was taken as the cells probability of detecting the displacement on a single stimulus presentation. The regression of the peak probit value on all tested displacement sizes was calculated for each contrast and each chromatic condition. The displacement size corresponding to 75% correct detection probability was taken as the neurometric threshold of the cell.
This procedure was performed for the three individual response windows defined above; the on, off, and sustained response. For MC-cells, only the transient excitatory response yielded reliable results. Also for cone-opponent cells, the transient excitatory response yielded lowest thresholds, but the sustained response could also contribute, especially for cells with S-cone input. All three response epochs were incorporated into the final response calculation by probability summation
with P sus = −P sus + 0.5 if P sus B0.5, where P is the response; P on , P off and P sus are the probit values of the on, off and sustained response, respectively.
Results
Psychophysical measurements
Thresholds for edge displacement were measured for three color-normal (one of the authors and two male subjects naïve as to the purposes of the experiment) and two deutan observers (one of the authors and one naïve subject). Individual luminance calibrations were derived from minimally distinct border (MDB) judgements (Boynton & Kaiser, 1968) .
The left two panels of Fig. 3 show displacement thresholds of color normal observers for the achromatic and the 456 nm (blue) stimulus, the latter on both achromatic and 552 nm (green) backgrounds. Estimated absolute sensitivities are indicated by arrows associated with symbols at the top of each panel. Absolute sensitivity is higher for the 456 nm edge than for the achromatic edge by 1.0-1.2 log units. Presentation of the 456 nm edge on a 552 nm background further increased absolute sensitivity by ca. 0.2-0.4 log unit. This is consistent with an S-cone mechanism supporting detection at low contrasts.
Above 3% contrast, displacement thresholds for all conditions are similar. At contrasts lower than 3%, the achromatic edge was not detectable but the 456 nm edge was still visible and displacement thresholds could be measured. Although the absolute sensitivity for the 456 nm edge improved when presented on the 552 nm background, there was no effect of the 552 nm background on displacement thresholds for any observer but EA (see below). These curves are incompatible with the scheme shown in Fig. 1C and follow more closely a scheme as presented in Fig. 1D , with multiple mechanisms. This implies a two-branched curve. Each branch was fitted with the arbitrary function
with two free parameters A, B.
The fit of curves to data can be seen to be consistent with this interpretation, and we suggest that displacement recognition occurs through a luminance mechanism above 3% contrast and through an S-cone mechanism for 456 nm edges at lower contrasts.
Although detection of a low-contrast 456 nm stimulus would normally be attributed to a mechanism involving the S-cone, it could be argued that an M,L-cone opponent spatial mechanism may also contribute to spatial tasks at short wavelengths. Deutan observers lack an M,L-cone opponent mechanism. We therefore examined displacement detection ability of two deutan observers. In the right panels of Fig. 3 the threshold curves for the two deutan observers (EA, BBL) are shown. The data for deutan observers are similar to those for the normal trichromats, except that EA's displacement thresholds were lower for 456 nm edges on the 552 nm background than for 456 nm edges on the achromatic background. We conclude that detection of displacements of low-contrast 456 nm edges is exclusively mediated by an S-cone mechanism.
Displacement thresholds for 648 nm (red) edges on achromatic and 552 nm (green) backgrounds are shown for two color normal observers (TT, LR) in the upper panels of Fig. 4 . For comparison, the achromatic edge thresholds are replotted. Isolated symbols at the top indicate the absolute sensitivity estimates. Absolute sensitivity improved by ca. 0.5 -1 log units with a 648 nm compared with the achromatic edge. This is attributed to the chromatic sensitivity of an M,L-cone opponent mechanism. With the 552 nm background, there was no further increase in sensitivity, since there was only a minor increase in M − L cone contrast (ca. 10%) through this manipulation.
Above 3% luminance contrast, displacement thresholds are similar for all conditions and can be well described by the fit derived from the observers' achromatic thresholds. Displacement thresholds for the 648 nm edge at contrasts lower than 3% can be separately fitted with Eq. (2), consistent with a chromatic mechanism taking over displacement detection at these lower contrasts. A deutan observer, lacking a red-green opponent mechanism, is not expected to show the low contrast branch of the threshold curve for 648 nm edges, and this is confirmed in the lower panel of Fig.  4 for observer (EA). His absolute sensitivity was similar for 648 nm and achromatic edges, and also displacement thresholds for 648 nm edges matched his achromatic data.
Similar data were obtained for a 544 nm (green) edge on an achromatic or 621 nm (red) background (not shown). Above 3% contrast, displacement thresholds were similar for 544 nm, 648 nm and achromatic edges. Fig. 3 . Edge displacement thresholds (arc sec) as a function of luminance contrast (Michelson Contrast, %) with 456 nm (blue) edges on achromatic (6500 K) and 552 nm (green) backgrounds and with achromatic edges on an achromatic background for two color normal (TT, LR) and two color defective, deutan observers (EA, BBL). At contrasts above 3%, all curves superimpose on the achromatic data. Lower contrast 456 nm edges were still visible and displacements could be detected, but thresholds increased rapidly at very low contrasts. Detection of low-contrast displacements is attributed to an S-cone mechanism. The continuous and broken lines are an arbitrary function fit to the data based on independent luminance and chromatic branches (Eq. (2), see text). Fig. 4 . Edge displacement thresholds as a function of luminance contrast with 648 nm (red) edges for two color normal observers (TT, LR) and a deutan observer (EA). The latter shows no trace of a red-green opponent mechanism, as expected. For the color normal observers, achromatic and 648 nm data superimpose at contrasts above 3%. Lower contrast 648 nm edges were visible and displacements could be detected, but thresholds progressively increased.
Below 3% contrast, data suggested again a chromatic mechanism mediating detection and displacement thresholds.
These data are again incompatible with the scheme shown in Fig. 1C but can be described with the scheme in Fig. 1D . The data of Figs. 3 and 4 strongly suggest that a mechanism with V l spectral sensitivity is mediating displacement thresholds at contrasts greater than 3%, and a cone-opponent mechanism mediating displacement thresholds below 3% contrast. A scallop in the threshold curve, as an indication for the transition between the two mechanisms, is not as obvious for the 648 nm threshold curve as for the 456 nm edge. Attempts to better separate the two mechanisms by manipulation of stimulus dimensions or by using a pedestal paradigm (Pokorny & Smith, 1997) failed. However, comparison of displacement thresholds of incremental and isoluminant edges in terms of cone contrast confirms that the data in Fig. 4 involves dual mechanisms (see below).
Physiological data were obtained from the parafovea. We therefore repeated some of the psychophysical measurements with eccentric fixation (5°). Fig. 5 shows results for 456 nm (blue) and achromatic edges for two color-normal observers (TT, LR). Parafoveal and foveal data are similar, except that displacement thresholds are higher by a factor of 5-6 in the parafovea. As in foveal measurements, absolute sensitivity for chromatic edges improved by up to one log unit in relation to achromatic edges, and displacements of such low-contrast edges could also be detected.
Physiological measurements
Responses of macaque parafoveal ganglion cells were measured from 27 MC-cells, 27 M,L-cone opponent PC-cells, and 4 + S− ML cells. For each cell, we recorded responses with several displacement amplitudes and several contrasts. As in the psychophysical experiments different achromatic and chromatic edge configurations were used. For each condition, five different positions within the receptive field were tested, to ensure that a locus of maximal responsivity was sampled and to estimate receptive field center size. Fig. 6 shows response histograms to a 7.7 arc min, 35% luminance contrast edge displacement of three different cell types. Stimulus configuration and timing is indicated on the inset at the bottom of the figure. The MC-cell (left column) delivers a transient response to the displacement, the amplitude of which is largely independent of edge chromaticity. The + L − M cell (middle column) delivers a response under the achromatic condition, but with the 648 nm edge a more vigorous response becomes apparent. There was little further increase with the 552 nm background. A response to displacement of the 456 nm edge was poor or absent with this cell type. The +S − ML cell (right column) responded to 456 nm edge displacements down to low contrast, especially on the 552 nm background (not shown here), but responses rapidly reached saturation as contrast increased, so that at the contrast shown (35%), achromatic and 456 nm edges yielded similar responses.
We calculated peak firing rate within a 50 ms window for the different conditions for each cell type, from the excitatory response. Fig. 7 shows representative data from an on-center MC-cell (left column), a + L−M PC-cell (middle column) and a + S− ML blue-on cell (right column). Maintained firing rates are indicated by the dashed lines. For the MC-cell, peak responses show a similar relation to displacement size and luminance contrast for both achromatic and chromatic edges. This is expected since these cells show V l spectral sensitivity (Lee, Martin & Valberg, 1988) . At 5% luminance contrast, the responses were weak. Receptive field diameter of MC-cells at this eccentricity is about 15 min of arc (Derrington & Lennie, 1984; Lee, Kremers & Yeh, 1998) , twice the largest displacement size tested.
For the red on PC-cell (+ L− M), there is a small response to the achromatic stimulus, little response evoked by 456 nm edges on either background, and a larger response to 648 nm edges. However, responses of opponent cells even to chromatic edges were smaller than responses of MC-cells to the same stimuli. Also, detailed examination reveals that responses saturate as contrast and displacement amplitude increased, in contrast to MC-cells. This was because, before a displacement occurred, the edge was already positioned within the receptive field (center diameters of PC-cells at this eccentricity are ca. 12 min of arc, (Derrington & Lennie, 1984; Lee et al., 1998) . If, for example, the edge bisected the field center, this alone already led to a large change in maintained activity. Responses to displace- ments were then often less vigorous than expected due to saturation or adaptation effects. This effect was not seen with MC-cells, since the presence of a stationary edge did not cause a change in maintained firing due to these cells response transience.
Responses of a blue-on cell (+ S − ML) are also shown. There is little response to achromatic or 648 nm edge displacements, but the response to 456 nm edge displacements persisted down to low contrast. However, as in M,L opponent cells, response amplitude was not as systematically a function of contrast and displacement size as with MC-cells. This is most clearly seen for a 456 nm edge on a 552 nm background, where a response is present at ca. 2.5% contrast, but as contrast increases, responses reach a maximum and then decrease again. This reflects the same kind of saturation or adaptation effects as in M,L-cone opponent cells described above.
The pattern of cell responses is consistent with cells of these different types providing the physiological substrates of a luminance mechanism (MC-cells) or different chromatic mechanisms (+ S− ML blue-on, + M− L or + L− M PC-cells) which support both absolute sensitivity as well as displacement detection. To further analyze cell responsivity, responses were subjected to neurometric analysis. Fig. 8 shows neurometric thresholds for 75% correct performance of an ideal observer basing his judgment on a single cells responses. Mean data from four well-studied cells of each class are shown (green-on cells: two cells). Data from other cells from which less complete data were obtained were consistent with those in Fig. 8. Fig. 9 shows the same data replotted with the data grouped according to stimulus edge chromaticity, to aid intercell comparison.
Neurometric thresholds for MC-cells are very similar for all conditions. The first detectable displacements occur at ca. 3% contrast, and then thresholds decrease as a function of contrast. These results are very similar to those for achromatic edge displacements in Lee et al. (1993b) . Thresholds for red on-center (+ L − M) and green on-center cells (+ M −L) are dependent on both chromaticity and contrast. Lowest thresholds for +L − M cells were to 648 nm edges, and for + M − L cells for 456 nm edges, with higher thresholds for achromatic edge displacement, and even higher thresholds to displacement of an edge of non-optimal chromaticity. However, even to optimal chromatic stimuli, thresholds were not lower than those of MC-cells and data became noisy below ca. 2% contrast. Psychophysical absolute sensitivity for chromatic edges extended to much lower contrasts, for which integration over populations of neurons may be necessary. Estimates of integration in relation to neuronal density are provided in the discussion.
Neurometric thresholds for blue-on cells (+ S− ML) showed only weak contrast dependence, as was the case for response amplitude per se. However, it is noteworthy that the 456 nm edge on the 552 nm background evoked a response down to very low contrasts, although the data show considerable scatter. This is consistent with the psychophysical sensitivity for blue edges (see Fig. 3 ). Fig. 7 . Response maxima (imp/s, 50 ms window) of the same cells as in Fig. 6 for edge displacements of 1.93, 3.87, 7.73 arc min and various luminance contrasts. The dashed lines show a measure of spontaneous activity. The MC cell showed no preference for the chromatic content of the stimulus, and response strength increases systematically with contrast and displacement size. At the lowest contrast measured (5%) the cell delivers a just detectable response. A response of the red-on PC cell becomes obvious only to 648 nm edges at high contrasts; responses for achromatic and 456 nm edges are weak and variable. The blue-on cell showed a clear but small response to 456 nm edges, less contrast dependent than the other cells. On a 552 nm background (456 on 552 nm), the response increases and persists down to the lowest contrast. The decrease in response at high contrasts may reflect response saturation. Fig. 8 . Average neurometric thresholds of MC, red-on PC, green-on PC, and blue-on cells (two and four cells with relatively complete data sets were averaged for the green-on PC-cells and the other cell types, respectively) for the displacement of achromatic and chromatic edges (456, 648 nm) as a function of luminance contrast. The neurometric thresholds were calculated by ROC-analysis and a logarithmic Gaussian least-square fit as described in the methods. Curves for MC-cells superimpose over most of the measured contrast range. Similar contrast slopes (ca. − 0.8) were found in all conditions. PC-cells show a clear preference for the chromatic content of the stimulus: the red-on is more sensitive to 648 nm edges, and the green-on cell is most sensitive to displacements of the 456 nm edge. The blue-on cell is most sensitive for the 456 nm edge on the 552 nm background.
Isoluminant green-red borders
We also measured thresholds with 552 -621 nm (green-red) edges, set to isoluminance by each observer using the minimally distinct border technique. Displacement thresholds were then measured as a function of chromatic contrast across the border, i.e. as a function of color saturation. Psychophysical thresholds are plotted in Fig. 10 for three observers as a function of mean cone contrast across the edge. The thresholds for achromatic edges expressed in cone contrast are included for comparison. At low cone contrasts, displacement thresholds of color-normal observers were ca. 100 -300 arc sec, as for the 648 nm (red) incremental edge at low contrast (see Fig. 4 ). The same line fits as in Fig. 4 have been drawn and describe the low-contrast data satisfactorily. Unexpectedly, at higher contrasts, thresholds in the isoluminant condition decrease toward the luminance curve. We attribute this to chromatic aberration artifacts with the sharp edges used here. Morgan and Aiba (1985a) used an artificial pupil (as we did) and attempted to control aberration by observers checking for luminance artifacts by viewing a test pattern; however, they were still uncertain if all aberration had been eliminated. We therefore tested a deutan observer lacking a functioning red-green color-opponent mechanism (EA). He reported a clearly visible artifact visible as a faint brighter line along the edge, and was also able to detect displacements, as shown in the lower panel of Fig. 10 . This strongly suggests intrusion of artifacts due to chromatic aberration in our foveal data.
In contrast, with parafoveal viewing, the deutan observers failed to detect the isoluminant stimulus, and displacement judgments degenerated to chance levels. We attribute this to aberration artifacts becoming undetectable because of lower acuity in the parafovea. For color normal observers in the parafovea, displacement thresholds were several times higher for 552-621 nm isoluminant than with achromatic stimuli at equivalent cone contrasts. For the isoluminant edges, thresholds remained similar over a range of contrasts, only increasing close to absolute sensitivity. With chromatic aberration avoided, these data are consistent with the same chromatic mechanism being responsible for displacement detection of low contrast 648 nm edges and displacement detection of isoluminant 552 -621 nm edges.
Neurometric analysis of physiological measurements were consistent with this interpretation. With 552 -621 nm edges, M,L-cone opponent cells formed the most sensitive cell group, with neurometric thresholds similar to those for 648 nm incremental edges. MC-cell neurometric thresholds were ca. a factor of two higher, due to the residual response of MC-cells given to red-green borders (Kaiser et al., 1990) . This response appears only at higher chromatic contrasts than those detected by PC-cells (Lee, Pokorny, Smith, Martin & Valberg, 1990 ) and only became apparent at larger displacement sizes.
Discussion
Many aspects of spatial vision are well maintained at isoluminance, e.g. texture segmentation or pop out (Luschow & Nothdurft, 1993; Nothdurft, 1994) , but performance on other spatial tasks is degraded, e.g. motion perception (Dobkins & Albright, 1993) . The contribution of chromatic mechanisms for high-precision vision remains uncertain. Resolution acuity has a V l spectral sensitivity (Pokorny, Graham & Lanson, 1968) and is lower with chromatic than luminance gratings (Mullen, 1985) . Consistent with the resolution data, there was some degradation of Vernier performance at isoluminance (Morgan & Aiba, 1985a) . The usual interpretation of these results would be that a luminance mechanism has better spatial acuity than chromatic mechanisms. On the other hand, several authors have recently stressed the importance of use of cone contrast as a metric, and then the degradation of visual performance at isoluminance is less marked (e.g. Krauskopf & Farell, 1991) . It is important to note that a normalizing effect of using cone contrast as a metric does not bear on evidence as to the presence or absence of multiple mechanisms; it only implies that, whatever mechanisms are present, they can make efficient use of cone signals.
Thresholds for chromatic stimuli on an achromatic background (e.g. King-Smith & Carden, 1976; Mullen & Kulikowski, 1990 ) originally provided strong evi- Fig. 9 . The data in Fig. 8 replotted sorted in terms of condition rather than cell type. Cone-opponent cells of different classes achieve comparable thresholds to MC-cells with the appropriate chromatic edge, but seldom exceed MC-cells in sensitivity. Fig. 10 . Human psychophysical threshold for the displacement of isoluminant 552 -621 nm (green -red) chromatic edges as a function of cone contrast. For foveal viewing, there were persistent reports of luminance artifacts, especially by the deutan observers, who could detect displacements despite the lack of a red-green opponent system (EA). Nevertheless, at low cone contrasts (invisible to the deutan observer), it seems likely that an M,L-cone chromatic mechanism determined thresholds, which are at the same level as for the 648 nm (red) incremental edge. For parafoveal viewing, chromatic aberration and therefore luminance artifacts were less problematic, and deutan observers performance deteriorated to chance levels. For color normals, thresholds for chromatic edges are higher than thresholds for achromatic edges up to the highest cone contrasts.
dence for multiple luminance and chromatic mechanisms in detection and discrimination, and more recent studies, in which cone-contrast spaces have been used to plot thresholds, have confirmed their presence (e.g. Cole, Hine & McIlhagga, 1993) . To study spatial properties of chromatic mechanisms, chromatic patterns on a background have been used on previous occasions. For example, a blue grating on a yellow background can be used to isolate a spatial mechanism involving the S-cone (e.g. Wilson, Blake & Pokorny, 1988b) . We show here that this is also a suitable approach for isolating different mechanisms contributions to a hyperacuity task, although to use the term hyperacuity for some of our displacement thresholds with chromatic edges, which were greater than 100 arc sec, may be something of a misnomer.
Identical thresholds under all conditions (Figs. 3 -5) at luminance contrasts above ca. 3% is consistent with a luminance mechanism determining displacement thresholds in this range. With chromatic incremental edges, chromatic mechanisms were revealed at lower contrasts. This is a mechanism involving the S-cone for the 456 nm (blue) edge, or a M,L-cone opponent mechanism for the 648 nm (red) edge. Contribution of dual mechanisms was especially apparent with the 456 nm incremental edge. Data for these conditions could be fitted by two separate limbs, which we interpret as reflecting the involvement of a luminance and an S-cone mechanism of lower spatial resolution. The data with the 648 nm edge showed less clear separation of the two mechanisms. However, displacement thresholds for isoluminant chromatic edges presented parafoveally (to avoid chromatic aberration) were higher than for luminance stimuli at equivalent cone contrast. This is interpreted in terms of an M,L-cone opponent mechanism being responsible for displacement detection at isoluminance.
Attempts to identify the roles of luminance and chromatic mechanisms often compare performance with luminance and isoluminant patterns. An extension of this approach is to perturb a pattern away from these two axes of color space. If one aspect of performance (here absolute sensitivity for the chromatic incremental edge) changes considerably while another remains stable (here the displacement thresholds at contrasts greater than 3%), this is consistent with different underlying mechanisms being involved, which are differentially affected by introducing a chromatic component to the luminance pattern. For an achromatic stimulus of, say, 10% contrast, the M −L signal of a M,L-cone opponent mechanism will be zero. With a 648 nm incremental edge of 10% luminance contrast, the mean cone contrast in the luminance signal (M +L) is little affected, but the mean cone contrast in a M,L-cone opponent mechanism (M − L) jumps from 0 to 5.4%, resulting in a large change in detectability by a chromatically opponent mechanism.
Displacement thresholds of foveal chromatic mechanisms were ca. 80-100 arc sec or greater, and were similar for M,L-opponent and S-cone mechanisms. These values are similar to the chromatic Vernier thresholds found by Krauskopf and Farell (1991) and were four to five times larger than for luminance edges. This relation is close to the ratio of resolution acuities for luminance and chromatic mechanisms (Mullen, 1985; Wilson, Blake & Pokorny, 1988a) . Krauskopf and Farell (1991) measured Vernier thresholds with a variety of either luminance or chromatic patterns. After normalizing data to detection threshold, they found that Vernier threshold curves generally superimposed. This did not work for our data. Plotting the 456, 648 nm and achromatic data normalized to detection threshold (as Krauskopf and Farell did) pulls apart our threshold curves above 3% contrast. Also, thresholds for isoluminant and luminance patterns did not superimpose after such normalization. What could be the reasons for these discrepancies? Krauskopf and Farell usually used Gaussian bars as stimuli. The smallest Gaussian standard deviation used was 2.6 arc min; luminance Vernier thresholds at high contrast were then 15 -30 arc sec, several times the usual values for bar targets (Westheimer & McKee, 1975) . This raises the possibility that the lack of high spatial frequency components in the Gaussian may have restricted performance and may have concealed the involvement of multiple mechanisms in Krauskopf and Farell's study. When they used thinner Gaussian bars then Vernier thresholds for luminance profiles were lower than for chromatic profiles. This result may suggest the presence of more than one mechanism contributing to Krauskopf and Farell's data. Although the elegant results of Morgan and Aiba (1985a,b) could be interpreted in terms of separate luminance and chromatic mechanisms, they chose to use a multiplex model (Ingling & Martinez-Uriegas, 1983 ) to account for their results. However, it is uncertain if such models are feasible in detail (Kingdom & Mullen, 1995) . In particular, they have difficulty dealing with the different absolute sensitivity to chromatic and achromatic edges while leaving displacement thresholds unaffected above 3% luminance contrast.
We chose the displacement paradigm as a hyperacuity task to simplify the neurometric analysis, although responses of cone-opponent cells turned out to be more complex than expected. Displacement detection may be related to motion processing, which is thought to involve the dorsal cortical stream (including MT) and is dominated by the MC-pathway. It remains to be seen whether the pattern of results presented here will also apply to other hyperacuities. If the dorsal stream is responsible for object localization ('where') rather than identification ('what'; Ungerleider & Haxby, 1994) , then other hyperacuities may also involve the dorsal pathway. Contrast is a critical parameter in this context. Performance on many motion tasks saturates rapidly, within a few percent luminance contrast whereas for hyperacuity the degree of saturation with contrast varies from task to task (McKee, 1991) . In the psychophysical measurements presented here, performance saturated at intermediate contrast values (ca. 20%).
Comparison of cell neurometric thresholds and psychophysics
Responses of MC-cells increased with contrast and displacement amplitude, and their neurometric thresholds as a function of luminance contrast were identical among the various conditions. This is consistent with MC-cells forming the substrate for a luminance mechanism involved in displacement detection above 3% luminance contrast. Neurometric thresholds for this cell type averaged about 80 arc sec at 20% contrast, comparable to, or slightly less than, parafoveal psychophysical displacement thresholds. This compares well with previous work with achromatic stimuli (Lee et al., 1993b) . MC-cell thresholds continued to decrease up to the highest contrast tested, with a slope of ca. −0.8. Such relationships are found for hyperacuity tasks (e.g. Levi, 1996) , but our psychophysical data tended to plateau above 20% contrast, as in earlier studies of displacement detection (Nakayama & Silverman, 1985; Wehrhahn & Westheimer, 1990) . The reason for this difference is unclear. At high contrast, factors other than retinal signal to-noise ratio (e.g. the presence of central noise or spatial uncertainty) may also limit performance.
Responses of M,L-cone opponent PC-cells and + S − ML cells were not so well-behaved as a function of contrast and displacement amplitude. For example, with a 456 nm edge on a 552 nm background, + S −ML cells gave a response down to very low luminance contrasts, corresponding to the low psychophysical detection thresholds observed for this condition. However, as contrast was increased, displacement responses and neurometric thresholds only improved slowly and rapidly saturated. The main cause was that, in order to respond to a small edge displacement, the edge had to be situated within the receptive field prior to the movement. This substantially changed maintained activity. Three factors would then disturb detection of a displacement: adaptation per se, saturation at a second site, or an effect on signal-to-noise ratio due to the enhanced firing rate. MC-cells did not respond to static contrast and so were immune to these effects. In any event, although less systematic than anticipated, coneopponent cells did have lower neurometric thresholds to displacement of chromatic than achromatic edges, if the wavelength was appropriate.
Physiologically, cone contrast gains of MC-cells to luminance stimuli and of PC-cells to green -red chromatic modulation are similar (Lee et al., 1993a) ; both make equal use of cone signals, and both respond down to a few percent cone contrast. However, psychophysical sensitivity to chromatic stimuli can be much higher than to luminance stimuli (Chaparro, Stromeyer, Huang, Kronauer & Eskew, 1993) . This was also found in the current data; for example, psychophysical absolute sensitivity for 648 nm (red) edges extended to contrasts less than 1%. Displacement thresholds decreased for +L − M cells with 648 nm edges compared to achromatic edges, but sensitivity did not extend to such low contrasts. Mechanisms enhancing sensitivity of the M,L-cone opponent pathway to chromatic stimuli might include long integration times at a central detection site or central pooling of opponent cells signals. Our observers reported that displacements above 3% luminance contrast usually appeared as abrupt jumps, whereas displacements of low-contrast chromatic edges were less readily seen as rapid movement, perhaps implying longer integration times. Forming larger receptive fields by central pooling of PC-signals would also improve stimulus detectability, but at the expense of spatial resolution. The relative roles of integration time, cell numerosity and central pooling remain to be determined.
